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Abstract

The coastal area of China is rich in groundwater and has a widely distribution of sand
stratum. The seepage of groundwater can easily lead to the loss of fine particles (internal erosion)
and the collapse of soil skeleton, leading to the collapse of urban underground engineering,
pavement and dam. The key to the prevention and control of internal erosion is to reveal the
macro and mesoscopic mechanisms of the soil erodibility, the evolution law of soil permeability
and constitutive behavior during internal erosion. The existing relevant theories and experiments
mostly propose qualitative laws and empirical evaluation methods from a macroscopic view.
Due to the lack of investigation on the mesoscopic evolution mechanisms of soil internal erosion,
the qualitative conclusions of different scholars on soil erosion characteristics are contradictory.
The quantitative evaluation method of soil permeability characteristics and constitutive behavior
based on the macro and mesoscopic mechanisms of soil erosion need to be established, and the
macro and mesoscopic mechanisms of underground engineering erosion damage in water-rich
and sandy stratum needs to be revealed.

To investigate the mesoscopic mechanism of soil erodibility, permeability and constitutive
behavior under erosion, this study carried out fluid-solid coupling numerical simulation,
laboratory erosion test, centrifugal model test and anisotropic critical state theoretical analysis.
The following innovations are achieved:

(1) The mesoscopic mechanisms of sand erosion initiation and particle loss under the
coupling effect of multiple factors is revealed. Considering the key factors such as stress level
and anisotropy degree, fine particle content F, hydraulic gradient i and suspension content C in
incoming flow, the macro and mesoscopic study of sand erosion behavior based on fluid solid
coupling numerical method (CFD-DEM) was carried out. As a key factor, the average effective
stress p' will cause two different macroscopic phenomena of erosion. The results show that high
p' can promote the erosion of the samples with high fine particle content (such as F. = 35%), but
has little effect on the low particle content samples (such as F. = 20%). From the point of view
of force chain buckling and strain energy release of sand, it is shown that fine particles play an

important role in the bearing structure of sand with high content of fine particles. The loss of

I
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fine particles will cause the collapse of the force chain. With the release of strain energy, the
transport and loss of fine particles will be accelerated. However, the force chain structure of the
samples with low content of fine particles is relatively stable, and the fine particles do not bear
the main force transmission, so the confining pressure has little effect on the loss of fine
particles. Under the same anisotropic stress condition, when the direction of incoming flow is
consistent with the direction of maximum principal stress, the particle loss caused by erosion is
more serious

(2) The evolution of pore structure and its influence on the permeability of sand are studied.
Through labrotary test and CFD-DEM numerical simulation, it is found that the permeability
coefficient of sand may increase or decrease, which depends on the development of local
erosion and blockage of sand. For sand with a high fines content (such as F. = 30% or 35%), the
loss of fine particles will induce the collapse of bearing structure and form a continuous erosion
channel, resulting in the sudden increase of permeability coefficient. For the samples with a low
fines content (such as F. = 15% or 20%), the fine particles may block locally and reduce the
permeability of sand. When the seepage flow contains suspended particles, the increase of
permeability coefficient of sand will be further restrained.

(3) The influence of erosion on the fabric anisotropy and critical state characteristics of
sand is clarified, and an evaluation method of constitutive behavior of eroded soil based on
anisotropic critical state theory is proposed. Based on the results of laboratory test and
CFD-DEM simulation under anisotropic stress state, it is found that the fabric of sand tends to
be isotropic and the critical state line rises in e-p’ space. The above changes are the main reasons
for the obvious changes of shear dilatancy, peak strength and stiffness of sand under internal
erosion. Based on the framework of anisotropic critical state theory, a method for evaluating the
evolution of constitutive behavior of soil is proposed. By comparing with the results of
laboratory tests, it is verified that the method is able to predict the constitutive behavior of sand
with different stress state and fabric anisotropy in erosion process based on a set of parameters.

(4) The mechanism of internal erosion in underground engineering in typical water-rich

sand layer is revealed. Taking the excavation in water-rich sand layer as the research object, the
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centrifugal test and CFD-DEM numerical simulation of internal erosion in excavation are
carried out. The macro and mesoscopic failure mechanism of erosion in excavation are obtained.
It is found that the fluid force first destroys the soil arch at the hole of the retaining wall, and
then causes the overall collapse of the soil behind the retaining wall. In practical engineering, in
addition to improving the construction quality of retaining wall or water stop curtain, the soil in
a certain area behind the retaining wall can be reinforced in order to prevent the occurrence of

seepage and erosion disasters.

Key words: macro and mesoscopic mechanisms of internal erosion, fluid-solid coupling
method, anisotropic critical state theory, centrifuge test, erodibility, permeability,
constitutive behavior
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WKL A7 A0 40 A A& 4 P AE % B9 & 4 (Skempton 7 Brogan, 1994; Richards #7 Reddy, 2010;
Li #2 Fannin, 2012; Luo %¢, 2013; Liang 4%, 2017), & &5k & £ 8 e B 8 E . AR 8,
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A EFALIR A B UL B E A FERELERAD.
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1-6 AI#EATE IR A =8 5T 7]1% % (Chang, 2012)
BREBIRBITUREFCEAABEEEZW ', Fo, i RELEE)GBH LS MEEF H ¥
R E ) AT F e SRR ENEAN T, EREEABRSMENARE B
W WALER, FlanE BALIERS, Uk M B RN, FUR RS, FosEm ) AR R
SEEHNEZ NS ALRLEEZN M. Hunter(2012) & F| F 7 BA B 4R FURL 41 8} 384T 95 1
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R, TURIBBIEFREEROAARBA AT LHE, RAREENEMLER.
W EER KR, ENTEBIEFEAAE o=y e, YRV 2 B T REEEFAKNEE)
Bf, AR 4 MR BT R A IR AT &, R ED H H 5 18 FL & (Skempton & Brogan 1994). {22
M 2 AR B AT T ok 8 A B B JB] T BN B v 4 R U K F 1R S B ek . A A FL IR
RYZFEHZ, AHANFEHRRE R TERFETHEGSERAALE, FHfaETNS %
2 WAL AT+ 4 F R

ETFTU LSRR R AR, B L8 E I 46F R R E 486 B E 77 & X
Bk 2 40 AL &) 24T B & (Kawano 45, 2018; Hosn %, 2018; 3k £ 4£%, 2019; Hu %, 2019;
Wautier %, 2019; Hu %, 2020). i, 77 % F F it H 54 77 % (CFD) A0 B # 7T 77 % (DEM) % 4 4
FRAAE LB, ARHEANAEERAARBLE = TRERFHTXE, I
&l 1-7 Fror. # T CFD ¢ DEM #Y i B 4% & 2 (& 4 #7 77 7% (CFD-DEM) ¥] LLECHF K 235 1
WA F IR A A A B AR, Behb SR Be e 7 SRS ) R AR S B A B 1R A (R
RERANFRERBEENE W, FHRAREESREABRENZ®). B,
CFD-DEM 77 &4 ) iz Bl TR -i ik AE AR R E B . C b Al T AR ARAST
B + 9%tk 4F AT K % (Zhao #7 Shan, 2013; Kawano 4, 2018; Hosn 4¢, 2018; Hu %, 2019).

DEM CFD
MR E FHRE
SHRRHE BRItk ATFHBAR B

T E#A R Mg

BALESRE ERIESZRE
RSN S FRike)EhE

1-7 REFBA 7555(CFD-DEM)iT B RIERE
Hosn % (2018)#" Hu % (2019)#| H CED-DEM 7 i % 3. /& &5 40 B K 72 % % K m 18 A
ToRAFE, YEFRARE—EERE, AHERGWABEN 2T RFTORES
M, W BFHEEARNREL Y., S RETERE A, mH TS, XHT

7
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H AR BORBE BB TR E AR IR R T . Hu & Q019 R B, A
il CFD-DEM -1 J5 1% 2 093X #5875 T 35 47 il B o 2k B 75 2 B9 X B B9 58 2 . Kawano
% (Q018) AT T BUR M AR N Ay thofn Bt Ne 5 HIR A Z MBI X R . # R K Hazk
N BU/NABA R Z ik, KEZa<0.001 5 N<3 BB & 2 7 Uik - Wautier % (2019)%f
KT KGRI F 5 & A ER A 77 1 K SR R, YR K E R A 7 5 KR T 1 B
A1 S TSR R 77 B 5 A B 40 AT, 3 RIRBF R R B R/ e DA BB R A5 1 o 4 R
KREHEEEROEREANF AU T LR ENWHE R, AT RN ZR KRB Z N E
f#

122 B EDIHUENSHEZBLBNAR

B 458 AF| A CFD-DEM #0873 A 58 7 BR8] B b gk, BE il 7 (5 & HE BT A7 HoAg
K), KRAMEAEXAFHENLE RS HOTH, BF QR FHAMHFE, FHEXK
BAFKABEAFEHE D, AXLEHZNIEALEGT, BRERTHLAFALER. A
tn, BB R RS LT HE BN A (), LA A B (Fo)Frib i ACH X 40 5 1 1
RAAGEKABE i BR)EA R FRFHERN A D LB myELRRERELA,
BARWTF A A &8 AR B e fd 7y, R e T A BB A, A6 R 40 AL &
B3, LARF F i/ NShire 2 O'Sullivan, 2013; Shire %, 2014; Kawano %, 2018; Hu %,
2019). R, dH —LHRLBIEENAL, WIFHEREANEA2ED LEMHE
B E n T E, 40 FURLR 4 & 3 A (Tomlinson 71 Vaid, 2000; Papamichos, 2001; Bendahmane
et al, 2008; Chang, 2013), A XM FEE RN ETERHAR X T E R p, F F1 i Z A BHE A
B, ESHBEEE AT, BNEEEARRENE L. flin, Bd padsbng
4] 1 A B9 B 5T (Wang 45, 2014; Liang 4, 2017), # LR B8y Fo 45 (BF 40 80k A~ g 4R
ALK A = PR, T B R p' xR L5 kR (R 9 F | 89 #F X & (Papamichos, 2001;
Bendahmane et al, 2008; Chang, 2013), XFH £ 3 & (BF 20 Uk 70 i A UKL 18] 5 FR) o

B RSN E T EHE R AR R EE RN A &, ER TR AE KX
BEREEGARMRATE AT E, wE 1-8 R, YBEKRFTHEHRAZNS
AT, MY T EEATZEERS TEM, YB5EARTHEERAENAFH
FHE, HYTLARAT 2w MRS TS M. DK, FHLAFGT RSN 4
TAEE
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Foundation

1-8 KM AR E XA E R 175 E(+FERF )7~ E(Chang F1 Zhang, 2013)

R A E WD LS mR R R EH, B EFHH S A E R R R Ak
STl F R B 77 g B3 Jm %5 38 K B U8 /N(Chang #7 Zhang, 2013; Liang %, 2017; Luo 4, 2019).
PERFHXREAAER g EEHT, RERERE, FEEHKA, TiFmqBEEET, R
ML ERIK, FEERN AT EERE, =8 H &8 T (g<0)IR 118 F Ak 7 #
JE #9 % A3+ 79 . (Chang #7 Zhang, 2013), % — /&, 7 =% [E45F0 = f4T f 445 T o0k
HEESRAERFE S HIHA A EREFME KA F(Chang 1 Zhang, 2013), 1 H
1-9 Fime B, BEAFRRLAEMR, AFEESELAELE A ERSTHEN
WERENEEFERSTHERNEARS, #ZE HI K KB (Muir Wood %, 2010;
Scholtés %, 2010; Hitcher, 2013). AW A Z 24T, 15z A1 215 FAL 8] 7= & B o ey 7 15
A, BB ERAKERE, RS EAREAT, £ LR EEL M~ A
Xt 78 o Fn 15 #% (Liang %, 2017). FH L, GESWHARFH RRA Y g W HOREE,

(c)

Bl 1-9 ARE: (MWE; O)ZHEHRTSTEM; (o =ZHAHIRZS T EH(Chang, 2012)
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RIS

Bl 14

\

S

AR EE B RRNAFBEARERFA, BTGB FAHE, EEGT
P, BEKE A NERFE K G T R 0RO (Amir A7 Brij, 2009), 1% A
RPHEFZFAERWEAMAT LR ELRET LRNEN ., KAFRAEREE. BE
AKRFOERFHRREEFAEEZ L AHE, BRI A5 & R $(Valdes o
Liang, 2006). fl#r, Reddi (2005)3& i 3% 5047 55 % BF Bl B 99 R K E 50K, w0 0.5 g/L, 4
S KRB E R BB 50%. 7 ARSI 40 UK B K A ORI R R B A D 4
1, #ARIRFEILIR L, — fk 4 3 AR 5 E B9 N (Hicher, 2013; Yin 45, 2014, 2016), {22
EBENRTEEEFTRE, FENRANX 2B RA RSN E, NT—E2E
FRERERE . F I, B E AR AR BUR X R AR ) S R K e T R
FHEYMERFATHHA, THEHRERIERAIRIANTETAR . BRXBFR
BRI SMIRTF L EBFHRTIRNENNL, BN 778X LI Z 5 8B
sz, Fik, WP RERTHEEFEEDUNE, wEFREAREFHE
%504, .

SER, FRZHEENBELERD L BB EN NN EEER, TAEWAE
X 26 L K HBEAT 4 AT BT DA A ERAT 5 1 o 4 LA A0 B AR o AR

123 BF L LR FERE MR

B EREAFEREATEFNERRE R L RAR A REA DR, HoAT
MR B, F 2 ANMABHRELME RN LRI FERAEAFARKR., T
& # # % F| A 1K % (Chang #7 Zhang, 2011; Chang, 2013; Ke #1 Takahashi, 2014; Chang %,

jud

2014; Ke #7 Takahashi, 2015; Chen %¢, 2016; Ouyang #2 Takahashi, 2016), #{{& 77 i% (Hitcher,
2013; Zhang %, 2018; Hu %¢, 2020)#1 # i 77 % (Muir Wood #7 Maeda, 2008; Muir Wood ##
Meada, 2010; Scholtés %, 2010; Wang 1 Li, 2015) % & B4 4 71 J5 /7 S R & 24T T FF % .
BT B ME L EBUREIR K 218 & LRI A, B — R EHAEH T LA H TR

JE V& AE TR Z F K M 2R R AT FE R (Muir Wood #7 Maeda, 2008; Muir Wood %, 2010; Hitcher,
2013; Chang, 2013; Ke ## Takahashi, 2014; Yin %¢, 2014, 2016; Chen %, 2016; Hu %, 2020),
W 1-10 Frow, KR E 5 BRI & & E A48 % (Chen %, 2016).

10
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400 %
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—— BUE L iR
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S
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- ,L .
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100 /' - | .1.‘.-..
T
-.; s N Emmgmg (S
e
! I l l y 6 L 1 1 I
0 5 10 15 20 25 0 5 10 s S s
Hhia RS &, (%) MR, & (%
(a) (b)

B 1-10 SHAIAD LR R TR R ARERER: bFLEER

it 7 3% #F 5 (Muir Wood 48, 2010; Scholtés %, 2010; Hitcher, 2013; Muir Wood #=
Maeda, 2008; Yin 47, 2014) KA Fl @M & WA £, HAE p-q FEWNEFREEF —
EER. MEREFEFLEGEN TR, AELELEA, REFARSLLFH LA Muir
Wood #7 Maeda, 2008) . I -3k &5 £ #i0 & A ¥ LLE i 8 + B o & 5 4K I & &K AE(Muir
Wood #1 Maeda, 2008), #> + £ A~ [5] i 77 & 1] 5 PR A5 T B 05 Ao vie) oz 0, A 5] o B 40 30 ke
REAEME, REEFTEA LB FERE ¢p>0.60) THEHILARE H 4 ERERET
R E KR %, # Z B3 & %85 (Muir Wood %, 2010; Scholtés %, 2010; Hitcher, 2013).
FERBME AL A7 % 18 7 MR A T (0 g/p'<0.6), AR KA Fl BB F kL5, 26 F1% 5 A t
FoZERETA, EHRIERGKEHATRE, FEREIEmFERSHE, SME
R B B 7 W) TS & 45 4 8 A (Scholtés %, 2010; Hitcher, 2013).

Ke #7 Takahashi (2014)8F % 7 N E A1 4 & B AFES R G A FRETMHT
W, KT F=15%F0 25% iR HE, BARLRSMERE SRS, EAR AT % A
C15%), BB ERBETRENSBT %, HALEREEERERTLAES S, @
UKL B A& 42 8L 77 H 3R /)N (Skempton 7 Brogan, 1994), [ T i 4k 3 & B9 B 3 /N . *E T
Fe=35%IR0E, LRG0k 5 A S R B A sd B AR PR, (B8N 91 0 & B (<1%), RIE
K #87m . Ke ## Takahashi (2014)1A A4 H B3 &7 A% 3 /0N B {2 38 Ao o R ] 2051 )5 28 AT
R PR, Hin T xR AR

Zhang % (2018)#" Hu %(2020)4 7|3 i DEM #1 CFD-DEM #X & 7 =A% 7 1~ Bl Bk
R T RS B IR A R B R R IR R R A P A A B

11
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BN R VH PR B 77 v T B R R IR RS B SRR A F W . B TS R A UR A P
DAL, 2EREFHAAENE A, CHRET EEA BN EERELRE
e 1B R AT L 2 57 VR R R BRI A 22 /8 (Hu 45, 2020).

METAF R E W, S RENFERTEEEUIIR A, A& &Rk
T8, S AR R P T A A, 55 ) R E o An S A A A ) M R A
S E. HEl, BhE R AR 2 A M e B TR R B IR A7) AR AR X R

Z o M TR %, CFD-DEM # & 7 % ¥ UL B R F A5 el By A A E R AL,
T DEM 7R H R AL RS m I B P FnE i E, SR04 IR 1E
FEAAE L RSMERREI, [F A EOE#HY RN E A i FUR AL

1.2.4 H I3 55 6k 16 4095 1 K 20 WAL %1 Bt %

BHAEAN - EEAREEAZEERTIRYWENLRE, vl RN ENLEEREE
WA KA. Flhn, 2015 SRMMBEAKBERELERFEF LA T SBF LG EERE
W, AXRBE AN ERR R RIS S A AR, 1 RIS R KN TR o 3 o
E & (Wang %, 2018). 2005 51 44 35 8 55 A0 (4 0E B3t 5 3 A0 B BT R 95k K E
BH % 4 (Wang %, 2018; & 4, 2004; &=+ Z,2012).

BHAEHERALRERKABRE —ERSBERENFARE B (A, 1992;
Burenkova, 199; F42E%, 2009). *f 2 48 WAL 09 5 58 N A By T2 30 T £ 507 £ # A 5.
ZHERKEEFNFRUEAFEE KGR ZHATE TR IER R, 72207 TR
M IE AR AE A s ik X B9 E AL (£ 7R, 2015; A€ B, 2005; JE f#, 2007; kX 1, 2009;
Bmﬂim%;&m@mﬁkmmJMQOa%%%%iﬁﬁ@ﬁ@ﬁ@ﬁ%%ﬁi%%&
HETHARWARIRE., RWEH L LHRESE ARG MG RERRX 2R84
A, HREFTSREAHAMEEX, EREMKBEETERYT BERE,2007). &35
X4z 4k % B, oWk H g SR (EF, 2015), Bk 2 X N 2tk AR H &
P E, FEERRBANMEEEE ﬁkﬁ%ﬁmm%%ﬁﬂ%%ﬁﬁ%&ﬁ i

EHERERZ, RIFAERACEEZ, sl oA KA EE ELEH w KW
2-3 (B E 1, 2009).

ERETHMENNFNE R, MEOHEES AR OES BT, —KEFAAR

TOH RN B B I 5 S E AR AT AR 6 R R 9T (F F 2%, 2003, AR,

12
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2009; # LT H 2 2013), ERERME ST LA, EHHT . AREFEZHE.
F i, 7 —KETFIHRAAF(CFD)f # R/ FI(DEM) B £ 48 48 & 1 & 44 77 i (CFD-DEM)
B AT 58 o & LB £, 2007; KR, 2007; Fujisawa 45, 2010), X7 77 k4 LR A
TEAANAE, wEERURLFRIABF R ARG HTA. €% RATEHTRE+ 2
B LB R TR A. CFD-DEM #B4 h AT 7 A [ R E S ML 2 R E &
T FRFAE, R R T AR A 2 BT AR 05 4 ] #R (Fujisawa %, 2010; Zhou %%, 2012),

13 HREXFEZEHRAL

EAEHMKTEN LRSS REER G, T E HE B SR AN &8k
B, SRAWARMAN LT AT ERHEEHA. BRUARGS LB MPHEE, W
LUK A E(F). AA%EGRBEKRTEFHREEEOWBAERBMELEN
FHERE UM Z BRI EREANF T N THLEHSBRE, ROTHRLEE
a AR R BT T i, SRR X g ) K LR E S, S g
FRRER SRGENAELXRETEHR D BANEFEHRNT #.

AXEGR L5 ke @ WAL S A 2w R, & AR E R I Fuon B AR A A &
(CFD-DEM) M\ # 7T R Z Bt 4B F 348 KM A p's W ELAT g K BALEE C A0 28 Bk
& E FAEWARD L RFESMETE, NERSENAEGILRR 0. B e
A, NEREFNTREME) ST EEREAETLRAE. AFERTY. BERAK
B R A W R RN ) HAT AN, B LREZND LB MM . AEET
BrRRER, BULENSME CHAEE AL S CFD-DEM £ A, FEENE KX L8
KL AE S R T B A K B F R B R TR AL, A B Wb A 8 2 5005 K F 4R AR
M TRZN ., AXEEHARALLT:

(1) FIFIRE B HKE T RS A M. A& A5 KR+ 2 F R K B
BT R B LS AR T RAERE N FNE W, M EANZEE NI AT 9475

Q) AN ERERTI AT ABS B RBERREANE, AREFZAD LBEM
B A B R AL

B) A ERT R T RBESMAE A F I REUAE, FRSME IR 8 WAL E
P RE H 7 2 P ST BN R

(4) A A B CHIR I A CFD-DEM # & 77 41 7% L F 4 i s G & ey s il 2, N

13
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RENAESMEREH X X L EFESAE, BhBED KB ES S
RAEUHE KRR AR B L wE 1-11 Frow,

| [(XERFEE HRAE WRAE | |
|| Wt WSt | | MBS |
B ,
: iR REBAEM | |
|| HEREER nEEE | | BONRERE
e !

HAFE/KSWHET T
TERERBYHLF

B 1-11 AXXHREELZ
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WL AR 2 4 (i 2 B AR A AR R SE R 7T i

2 SR E RS ENRER &

2.1 CFD-DEM 7 i &/
CFD-DEM 77 i F Jl 1+ 5 it & 71 2 (CFD) A0 B #UTT 77 7% (DEM) R 4 Al & J& i i & £ 1K
AR, ARAZEANEEERAABLE = 7R BFATRE, wE 2-1 %,

DEM CFD
WURE PR E
ZHERTE Tkl 4 AFHRRHEZT N

T A F AR AR

BAESkE iS5
AR5 T3 RN E

B 2-1 REBE S ECFD-DEM)IHEFRERE

VEEHZANEOM R, 452 B#tEDEM), it &Rk /% (CFD) % CFD-DEM
fa4H %, DEM = Z | Tx £ H ey t5 &£, CFD N7 & + ##%#& K. CFD-DEM
e H kT E W HRR-BORE A e A, UWREI CFD 5 DEM [Ef B R &, Flin
DEM F Bk (L & 5% & & 1% %% CFD, 2 &1t H ¥4 BB FANF . 7TIE DEM
# #F LIGGGHTS #1 CFD # ff OpenFOAM & A Bt %+ A K oy £ /86 7 Z 047 T A,
TEHHENEX =AM BT 7 E ERREf 67 RE,

2.1.1 DEM 7 # &6 7742

DEM # Bk 35 o 4G 4 1 5 — = 42,k | el F i An gk g i T

au, &,
— f g
m,—+ = E E +F +F

dt 5 (2-1
do, & )
I —=) M,
dt jz_:‘ !

Hbmifn g Al REBR i R EMETE. Uiine 2 BB § 09213 E 5#50 A

15
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HE A My oAl B j (ER TR EWERAGIEAXRLT ORES A%, £
FHiWEH, FREATER LWRG-BRAEELERS, HELTX. AR L HH
K 8] 4 A A R R B Hertz 3 4 2% # A% % £ (Mindlin 7 Deresiewicz, 1953; Renzo #7 Maio,
2004),

DEM 7 3% % £ Hertzian % % 4 & (Mindlin and Deresiewicz, 1953; Renzo and Maio,
2004) 5% 1 18 BUAL (8] 0 A B B Ak AT O, UKL 1] B A AL 4o B 2-2 BT R (Jiang %, 2003). Bk
R EERR S T LR E SRR R RR, YER AL —ERER, FREESHEIS
%,

Spring

s hyppot “

.
[hivider Spring

Slder
hvider “
6 Lhashipot

{a) Mormal direction (b} Tangential dircction

& 2-2 DEM A Fuhi (B3R R /R & (Jiang 35, 2003)

BORL [8] B ok 7 2 2 T N KT

(2-2
)
B e A9 ke 0 A Ay ok 18] B 32k 1 AT e WL o AR 0 R o ] B Uk T A A 1R R K
Bnij A1 8uj 20 A A T AREY ik W A Y] A BB E o Vi 7 vy 2 AR B Ak U B9 A8 R 3 1 A
R E o kA0 kel TR

F =F"+F =(k3,, —7,V,;,)+ k3, ~7v,)

n

(2-3
k =§E* RS,
)
(2-4
k, = 8G /RS
)
(2-5
j/n __2\/§ﬁ\/snm*
)

16



T AL SR X 2 B E A IR Rk
(2-6

Vi :_2\/§ﬁ\1Stm* )

HP ERGLHEER#REENYEE, REF M ELEMPBENE N LE., WRQ2-3)
MQ-YHFR, FESVENEHEREEEEE R G, 5FAREME KNS HR)H R
B EEEG)E *. E,G #1 RRETRIE:

S,=2E"\|R'3,; (2-7)
S,=8G RS, (2-8)
B= Ine 0-9)
VIn® e+ 7°
1 1-v> 1=V (2-10
— =t
E' E  E )
1 2Q2+v)(1-v,) 22+v)(1-v))
= + _
C E 3 (2-11)
11 1 (2-12
* =—+—
R )
1 1 1 (2-13
—=—t—
m.oom,m, )

e Ef B p A R ABAA R E;, w Ay o A R AR A B
ARG i RLE TN EREUR  f R R

MR FAEERER RSN, AT ETREE, BERFAENEE E(G)
NZATHIE S 5 DEM BF B HH R EH . 2R FRIXEAN A EEEEFE
WA RMEN, 42 TEARTESH YL BT BN 54, nHMEEEFIARIT,

2.1.2 CFD 77 &4 7 &2

CFD B, MAZHTEHESEU FRMGEFRER, WTHR:

a(npf)

L+ V-(np, U)=0

Py (np,U") (2-

o(np U’ 14
: /;; ) +V-(np,U'U)=nV - (uVU")=—Vp -1’ +np,g )

17
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Heb Ui p BRI PGP E A ETR, £2 & LA R 5k B P EE R 7,
e =" F/ AV, B AV 2GRS HR, K 2FRK. ol s B2 ks E R,
gRENMEE . n RBRENAA FHEENIRE, n=v,,/v., EFv, BENRERE
BT, V00 R RIS & B BT R AR

2.1.3 JAR-BRAR B AR A3t A

FEBME AT, RR-BREEERAAFY EEAFEHREAF, B P s E£S
F'(Hosn %,2018; Hu %, 2019), AARXF O EEEL R ER =M REHEEER 7, Rkt
CAAEER A LS MR, Pt Ee TR

(
2-15)

TR £ BUK PR A B9 HE B, 4 YR ] Di Felice % (1994) 7 =1t &, /A &(2- 16)FT 7+,
CERTHRARE ERANEN, FEREEESE B AR R

F/ =F'+F’+F"

1
Fd:§cﬂ%zdﬁuf—UWﬂUf—Uﬂﬁﬂ

2
4.8
C,=|0.63+
[ -JRepJ @1
npd,|u’ -0 6)
U

Re

P

(1.5-1log,, Rep)2
2

¥ =3.7-0.65exp[— ]

Ho Cam kS BALA B AR A R B = B0k o JB] B Bk XS 0 B T 5 AR A7 B %2 7
AH.dpy U, R EBFHRHWEARERE . Vy £ ENFHR A Rep, £ 2 NFR A F 52
1B R T BUAL bRy 3l & 2 J1 A0 6 773t B L 3(2- 17)F1(2- 18) (Zhou 4, 2010):

2-1
F' =1V (

P p 7)
F=Vvat (-1

Hebr ZRAETTA.

AH 5 F 9 CFD-DEM 77 % %, CFD #8 DEM 77 i B9 14 545 il 5 14 2 46 B 44 5L e,
A A R ERR AR RN EF I E, AR LN ERREL G LT E S LR E0
WA

2.1.4 CFD-DEM 77 i i # 8 52 3L

18
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CFD-DEM 77 i1t 5 6 i (R S o A, PR T — R ERBERN 3-5F. &
et E S 2, DEM it 25 CFD B F R ERFRNGCE . HERERAEER
CFD 2 5 R 4B BUR (L B 15 B A &MU 5 B AL e M AE AT ITBE, 45 )5 /K48 Tsuji %£(1993)
#HEE P E S, FIFQ-14) iHE CFD MW HRMAE S f# E ., CFD £ Fit &

BEWIRETHEAFEEE RRH#LZ L% DEM &£ F, AIA K (Q2-15)-2- 18) H i & 1F
ATHHA LW, wHR A, ¥ A fsE£ 7. LR DEM 2 CFD & % |95 By B if
BRELREERILMAREA o EERS . YREENEENRS TR G, RAE
5 BAT 18] B B Ak A7 15 B4 f£ % % DEM A2 5 DL AT T — B 8] 25 B9 B R 12 s AL Y 31 4F
22 ¥EABHRE
221 ABRRE

AFRSEARFAEFRLRAE, EME M 5 E R H R MUK A CFD-DEM 77
IR BEIAE R B, AT A GR R M A K 1w B A S E AT E AT B RO R IR
RS IR T . # R B AP CFD-DEM 77 % A& R BERUR A 3k Y, A r B 53 77 %
BFATHERRIE, RRFEARBEREBER D RARFEHTEERR, HEKALE
0.8-1.0 mm, BEIFERFHAE 0.17 mm, %8 —E W LFR A 5 R B R A R D i &
WwE 2-3 Fior. mE 2-3 F4m, R — A MR A B Fo=20%% 35%F A1 £ 40 0 45 A

HATH R, B XEER 1.2.2 T8 Fe=20%0, 1A P ABUR (9] A8 B e fo, 40 FURL AL BB AR
THRBAERAIES, S EE B+ FHEFRAE, AFRAENE R AN L1k
BT H BN A BB E F=35%, 40Fh 7 i A8 BUR 18 3L I8 48 BUR 4= T,
W B 4 A AR R N )+ B B T R R A A .
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AL A FHEF B X
100 -
_, —— F=20% |
] ----F=35%
or | ——mrs s
. —a— LRI 1
S 60 -’ j
= ]
& / :
s 40 + [ ] "l
e
20 / ’l 1
- .’
[ )
- ./
N Y o
0.1 2
WUk E 4% (mm)
& 2-3 BT Er KA/

2-4 EBTRANKE

Ak B SN AR B Y p=50 1 200 kPa, KA HEE M 0 4 F B AE] 8.0, &%k

WEN 025, FRFEMEA 1S 24, RRIEFENRREFLRAE. AHF
tNEXEERESHENRE, AHFEE

EREZHRETERRT. AR KR

kY3
BEABME AT HEN, BT RR K ERT
R B8 N & AT 8] KA AR R E RN,
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TRRITHBEMNERERAE T HEE.
K21 BETRBRPRAEZTELFTEE T TN,
*k 2-1 REZESH

s &, Fe X B E A X
1R TRt % E (kg/m? % 2
1 7]‘? (%) T x( g/m ) (kPa) Zkﬁ%x
FC15 20 0.54 15.9
50, 200 0-8.0
FC35 35 0.43 16.7

RENGELRET: | $EBREBREDREGHTE, HANSENF, FELE

s 20 YHENWEARFR AR 100 mm & E 5, FALAD E i 50 B 200 kPa K1 E A7

FRBEREEANCATEREEE, NABETHAKDZE R AREAXE, AT
HHBR KRG, B RAEHM 50 K 200kPa B E A B RS ERERE, BEE
HIRESE SR A 93 mm 5 92 mm. XU I E AR B E AR B E T AR Z R

AT EEET ChangR03)E TH MK B AAX 22 TR ETH MK RE R
CFD-DEM 7 i #AT I E, AUBAZ 7 k¥ R s R AN R 09 T BRI, SBAA e
B LB I F AT E RN
222 AR

B 2-5 BoRE = FIREEE p'v=50 F1 200 kPa &N T, B4kt 12 W Bk ik & B VR L4
B, YIREET B B A BOA (pv=200 kPa) i, FURTT 46 IR & B K 1 4 (i) 2 A B 38
Ko W Fe=35%, p'=50kPa i, ic=2.0, Fe=35%, p'=200kPa if, i,=3.5, XEEH ALK
6 RL A7 B3 oK & 38 A M B A A, 4R BURIE A F U K E v [ % (Shire 4, 2014; Ke #
Takahashi, 2015), & TAFRRA LA E, SHEAS AR RENTHAE. 5HAREE
RIEEFA35%)ERAR MM AT, REAHAFHLRRELRA. B 2-5 77 p'=200 kPa A,
Fe=35%IA M A FUAL R 2% & th p'v=50 kPa By 8 K 29 50%. X THIARW A ERE, K% 3.4
F13.5 ¥ AR CFD-DEM #E AW 4 R I AT T F 400 77 @ B3 28 AT
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12
I p=50kPa p'=200 kPa
i L Fc=20% —u— —— /O-O
Fc=35% —0— —O0— /O
S sf /O
Ujﬂ O_D/D—D—D
'Né 6 D’D
= |
= S
4 L e
Eﬁ _ - .7'%':-%{."74 " . i
O
- . D
e
0 / /E m_m | A 1 ) 1 )
0 4 6 8 10
IKT IR

& 2-5 p'=50 #1200 kPa B, F=20%%0 35%ik #:5hid IR Bk T o 2581k

A FRA R A B R FS20%), K @EH N RABF R L ENTHH AN THE,
RFEFN L WP A EREH, B F=20%, HF I EHE LS, AFLLEERTH
B RIS, A EE S L PR AR, 48 AENE YA NT HERET
HG B Ao TR A A R B B A A B RRE AR, AR AABET, AR
REWREL,

B 2-6 & ERFEAE p'v=50 71200 kPa FL T, S B RELE M T HENMSE
MEM AN A BN RAE, EROEVELSHEAFRRABETHXXR, BIA TR & &
%, REEHMEHHA, 0 F=35%0, p\=50kPa BN THFNRLE NN 7.0%, %@
BRI H 5.1%, T p'v=200 kPa &I T HHAL LA E N LT 10.5%, BEEHLHH 9.7%., B
EXNTIRAERAERY, HRRARAENABEEOT VW HEEFTHA. & T
F20%REFEERMPAN MM AAEREGRE, OHLRERENIEEA. H

41K R K A A TR AR A L B R R TR R Fe=35% 1B
T AL BT AERANEETR, AR RAEERE LI, FHXK
ERRHLEESA, AMTIRAFAEHERETL.
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12
i p'=50 kPa p'=200 kPa
10 F=20% —a— .-
FC=35% —O— —_—— oo
I O/
< st /
= O
=
F or
O
j]% 4r /
/.
2+ |
NP =S EEEE e
0 i ! . 8 10
IK I IHh

2-6 p',=50 #1200 kPa B, F=20%%0 35%IX#51id 12 2 = TR K
A 2-7 BRI ETFERFELE p\=50 f1 200 kPa FEWR T, Bt B FRHEBERK L E

WHER AXF, kBRI T

o4 (2-2
A 0)

Heb g A AL ABERENARME, 4 ARFREN. B, F=35%RFEA0%E 5% R HN
T F20%188, A 4 Fe20% R4 5 40 BUR R E i f Bk (8] AL, EILFE K T Fe=35%
WA, kWA K. F35%RF 05 % 2 H k EFALTT 46 % J5 (2m pv=50 kPa, i.=2.0
R, KEXEZEBEAD, X —#% 5 Chang (2013)F Ma £ (2016)75 1h 52 1 45 F K4l
R FEF £ B R F=35% R & 40 FUR B L B A B SRR, S Anse B B, ARAE A #14
WA RFEE, PERKERLEN. BESE KRR EIER, 58 4 HR A W7
%, HEEEEF TRHMEENRET. YARNTERENATENSBREEE, BE KR
SEFNNTRARRL, W 2-8)FTr. it, BEZRFELL2HEEX,
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0.12
_ =50 kPa p=200 kPa
F=20% —m— —e—
0.10F ¢
F=35% —o— —o—
=008 |
s )
bm_
"2 ’\'Q=\.
R S
2 o_gTE-E—m__
~0—¢—0_ "-g-—nm_g u—n
o *—e—0—3 e—¢
N 0.04 F 0—O—o__
0=0—0—0o-
| O-O—Oxo_o
~0O—
0.02 E/j 7 T0-0—0-p—0—p
—0—0—0—0
l—O0-g-O0—0-0—0-—0
0.00 ) | " 1 ' 1 \ | \
0 2 4 6 8 10

IK IR
2-7 p'=50 #0200 kPa B, F=20%7FA 35%iX+Ei8 1T I8 E REUEN

2-8 (a)Fe=35%; (b)Fe=20% R ¥ 5 1 45 HE

T Fe=20%IR8 8, 40 0 R S i AUR 18] SUBR, 5 B AR B FL IR th AR A B9 X 2R
T, FoHAP AT ABREFBERK K REHIER. HR, £ F20%IR#F, AHA
SEBEAREATXKERRIZHE, —Ho2MARRKHRE, 580048 ELRHE
T, AmR/NAETEHET A EE R KRR E. FHik, EAMT =0-8.0 LE N,
F20% XA 5% R4 #4 T Bob o 3R 400 & 8 3R A 8975 R 30 A7 %2 (Xiao 7 Shwiyhat,
2012; Marot 4, 2009), H 5% RBUEM A B I KILE R . o RBFE AT AR 7 Lok & 5
ERpmBa, WiAHSE R B L ERNGH—FH K,
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23 ENBEREFNBFQOHNER KB R
231 EENH
T TEOEMNARE ST THEAE THHERENTONF, UERAZTATEANEE

MEmEEER, RAMEAEBARTH /I NAFRETINHADEERS K, T, BOE
PRI A UL B E A EER R LS R AR A AR R BOERLA R R
W R BRI A7 RN, WEE RS G THYEENERATER. FIALT
BROBENURARRAKEL R FHNSEFEN, KEEE PHNBERERFEAFHNE, A
NRETHA vo=Nvp, TN ERCERRRTRIE. & THREELR, wRARFEN LA
A, HRFnEA FEEE S Re ~F . Singh F(2018)i# iF KB I, N EARIE Re<l, i
Vo R EER QT L RA BN,

232 BRONERLE

ERBEMBONRRBOMEE N SOBHFEAMEEML. B 2-9 ZB ONEEH
WEHEATEE. RE\EZRIBER, #ATTZEE 6m, FE 12m ESEEE O
R, MAEFHET —FLHAT LR, 2EE 10m, FE Im. EFZELUT Sm &%
E—HRO08mHFEILAUENLELAR, ZAAECRAFTEEL BRI FRLIRER A
Smm, 50 5 E 4w E T YT 0.25m, B ik B B A B ILE R T 48R B i & A e
B, REPERATEEEFLEEUT Im LR EHE X #,

) 7

7 i 600 ?

7 (30)

) L1201 430 .SOi

? I 6) | (21.5) 25 HAT: mm

2 7

7 P EM
H— ZN 7P

/ 23

7 - HE =

2 % g 88
T N — =<

é St 7B g

AT 1] -
AL A AP I IS TS T A A S

(a)
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. 600 .
| (30) |
120 480 |
| (6) (24) |
7 LI IS LS4 ///é’%_‘
B _/%% ﬁw\ ;fi
7, . g |-
T gt | ) 8|8
4 R
“ 7
| | ] = 1

il

I L

(b
2-9 BOHERRE (I EE; b)FHEGFESPHIER 50g FRIFHRT)

B 2-10 Zr24BMEENTRLE. BONARTEEFAAEGINEEAT L
B AESHRETHEATE, BAREEEERILE T ENRE TR $ A5/ L E A AE
B, EXP ML RERE AR LR E R EHR A R e, R A
W 2-11 Fror.

7 %

- e fLI&it
1 .J_%J_ - - | it
L1 e 2t ﬁ//]\i
T 1] ele g2l
AR
E— ®
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(a)

-
b+ =

T T *o— — — —ie §
=
(@l

T )

80 | 80 [ 160

I il
(b)

2-10 BILOHRBEKEMN B THE QS EE; b)FEE

@®

XK FE

HE/K L
HeK X
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(b
2-11 BEOHURER B SePrth B E ()32 & (b)FEE

233 B ORI AR
KL BB E AR TERRD, RBe 007 402 T B AR SR R AR

KRB £ BRI i AR BURL ] 7= £ B R BB & 7, 0 B 2-12 FToR, B Dss/dis>4.
WA Fe=15%2 4 T (408 7 & 2 A48 I 7 3/ (Shire 4, 2014), 211 5 & 5 & A 1F F

TREH.
100 -
l —— F=15%
N R
_ , —A— R4 7y
3 .
! I
@ 60 | [ ]
ST ]
I]I}Eﬂ%j l
}E 40 - ] l
= |
S |
-/ /
. M ]
0.1 1 2

UKL EAE (mm)
2-12 B EOHR BN IS BUAH RHRED

A7 ENE AR L EEH PIV EGAE, S EAHBNEBERRRAE. B
BEXEXABeE. REFHARE A EEFEMRBE LT 2-2.
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< 2-2 R RMRE

AR Btk B

. 3 Jim AR R A xR
AR 7K

AL B e A
ds0=0.17mm AR R A B
RAEF B
d=0.4 mm-5.0 mm JUAT 41
M EE, F=68GPa, TR®EE:
A4 EEEE:

o =124 MPa

234 BUONRBR PR
FIREWEHEHIER, RFEERRIEEFERIERMENELE D=65%. K FEk

HEFAETRCEERILEAE T, IREMHEREFHE, wE 2-13 ¥ 5K 13 57
T WHEBHK ARG, NARZREEEAEZREAAMMEFHATEN, WE 2-13 #5
RaAprr. MARESREAGE, BEERANB I HRR

7 - ; ]
— e ) yy -
T % o I ” S
L] L
PO ER AR ® |%3“'§5T’l~’| BOIARR B |
V.
LR 1(1g) EP(1g)
(a) o)
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I ) A ]
7 %
7 11] %
I 1 ; 7 i . v )
/ < Sl kiR el
el & N Ié m i P l
oo BFARRRHE P i &
s 1// l P AL LS LA 7 / l ] AL LSS S *A
A IE3(1g) F184(1g)
(©) (d)
7 %
Ll ]
-=1. e
[ | {@' ®
| st |
A IE5(50g)
(e)
& 2-13 EfigmE o ELE
24 /NE

CFD #2 DEM # 3t [E 4 & $(E 2 #7 77 3% (CFD-DEM) ¥ LA AT %5 4 31 72 o 4 B 22 AR AE
(IR, k2 S EREEN)M RS B A TR (i adE 27 o BUR B B 5 1
MR, BRI Kk 303 B XU R B B ) o

BB TR B OB T ATEREN S M aHTTIERIART. LETREH
FTHENT BT T RF R EH, WENH, SHiTE LR FEREMANE. D
ERIBAETENS BB O RBNTNIEREFHRSBME LAt E L HAHHET A,
TR BN LB 0K E W T A TT
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3 B2 A AKX B L Z e R B 2 YL AL

3.1 #ER
8] Wy R B+ B9 5 i A e £ B i R SF R RN A1 (p'), MR B B (Fo) A1 K 7 4% ()
7 7 (Tomlinson and Vaid, 2000; Bendahmane et al, 2008; Li and Fannin, 2012; Luo et al., 2013;

Chang and Zhang, 2013; Shire et al., 2014; Ke and Takahashi, 2014; Wang et al., 2014; Liang et
al., 2017; Kawano et al., 2018; Hu et al., 2019), # 2 #F % 45 & (Shire and O'Sullivan, 2013;
Shire et al., 2014; Kawano et al., 2018; Hu et al., 2019) % B, % At 1K P8 %5 /1 28 K
FUAL ] e fok 77, AT AT RS E 3R £ AR, 478 — 24t % (Tomlinson and Vaid, 2000;
Papamichos, 2001; Bendahmane et al, 2008; Chang, 2013)% ¥/, |8 47 % B + = F 48 5L 7
MEASELRBMENTE, AR RAEE A,

PR A paE L ARGk AR R T AR R R R AR F p. Fo A i BUE R B AR NE
B Fltm, 15 p' x5 ik By 30 £F A BB K o (Wang et al., 2014; Liang et al., 2017), #
HIRBE Fo SRR RN 40 B4 T RS OR A 8] 2 BR R 1B ) o 10 7R p/ad B £ 350k g (R 21
JA 848 % (Papamichos, 2001; Bendahmane et al, 2008; Chang, 2013), A F. 3 & .

ST pwh LS B 2%, A% AR L E 6 77 % (CFD-DEM)X [ p'. F.
i F T E BT RE D LR HAT SN, NENE @A B I REAT AT, B
AT ZMEHEESD LB MW EE T, TEp. Fof i X4 TEAENER, BFR
Rk EMRELY, BT @AARERFLT@=2.0), pf e AHE 4 &R FEWFE=35%)
BRI RFER, DUBRARA A B E R T(=02), p'* 8 LiREES a4 (e . X e
RAER N ENRZ AN BN, AR e fo T feE g, #ATT oM ERE,
32 HRFHAERAA () D LEHFHE CFD-DEM #H % E

3.2.1 EHITA

REGERE LT LTS MIAR L £ R CFD-DEM A2 1 4 0, SR 5 34T T F p'.
Fofni T 16 MU A BT R B A LB N LA R CNBA RN EE. &R
WAL wr & E 3-1 fron, HEBThhHAA R/ E S BFAA &R AREZ )N A 4,
A Kézdi 7 % (Kézdi, 1979)#7 Kenney #7 Lau & U (Kenny and Lau, 1985), & & 7 % kA
B BIBTHCEUERNE, EERNT WM/ANER BB + Bk #kE LR & CFD-DEM it H 3t &,
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100

_f —— F=20%
| - F=25%
T I
S T ~~~~~~ F=35%
o oef ow  —e—fERS
= | s
= I
40
20
0
0.1 1 2

WAL E AT (mm)
B 3-1 HEEBiR R

AP A ERTMAE, 252 F=20%, 25%, 30%7% 35%. & 3-3 L R%&EFEp'
T, REFAFLESESARUZ AN KR, 4 F=27%8, KAELRLR/N, £HLE
28 UKL W] 45 48 3 #EL UKL 8] 5 [ (Shire et al., 2014) . %t F Fe=20%7%0 25% H18& BE (F.<27%), A
FALAREE AL B 20, AR EEEM. X T F=30%% 35% R (F>27%), %
BURL 70 MR 18] B S PR, S 6E 15 A8 BUK (81 48 B 4 % B 14 A (Shire et al., 2014). 7 Fe=30%
1 35%IE T, AHAE T AR EREERFETARANE ., LR AAE A
Bh A HE X TR

(a) (b)
B 3-2 (a) Fe<27% (b) F>27%iR A Heht 11151815 /R B E (Shire 3, 2014)
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—0—p'=50 kPa
5 —o0— p'=100 kPa
0.46 [ —A—p'=200 kPa

044 |

042 | \
- s

0.40 -

FLBEEL
D

iR (%)

3-3 AEpT, WEAEESFLHEEENXR
BB, KA EG=Appgl, P Ap HIRFEFRIRAES 2, L ZIAFEK
BB — MR EEGE2.0) R EEG=0.2). % i=2.0 B, WA aE T E B EmE =4
SR THA M A, p'=50, 100 1200 kPa. 3% i=0.2 i, A HiHE, NE F=20%7%
35%HYIRABE A B NS R T8 B A1, p'=50 1200 kPa, fF S A E I HAT 44T

K 3NVRETRERATNEEIENTIN,
+ 3-1 EMEN TR
Wk A E, EHERM S, KAME,

%5
Fe (%) p' (kPa) i
FC20P50-IL 20 50 0.2
FC20P200-IL 20 200 0.2
FC35P50-IL 35 50 0.2
FC35P200-IL 35 200 0.2
FC20P50 20 50 2
FC20P100 20 100 2
FC20P200 20 200 2
FC25P50 25 50 2
FC25P100 25 100 2
FC25-P200 25 200 2
FC30P50 30 50 2
FC30P100 30 100 2
FC30P200 30 200 2
FC35P50 35 50 2
FC35P100 35 100 2
FC35P200 35 200 2
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322 BERTES¥

& 3-4 B8 7 A Hl CFD-DEM & 2 s oy B A b A7 s Fag K7 il B, EKF & a7l
7 13.5 mmx13.5 mmx19.5 mm. CFD 3R % 14.5 mmx14.5 mm=25.0 mm, L7 % DEM
B, (£ 5 B8 FORL A T % Bl AR 7. B CFD MBI R~F 2 2.9 mmx2.9 mmx3.2 mm,
AARRFEFRERN 1.5~6.4 . B WM A 2 Hertz FMAEA . JIAKMMER
S35 Bl 2 K B9 1£ i % #4(Zhao and Shan, 2013), % 3-2 %4 7 ##l# CFD 5 DEM 3, + #
5 R R S5

CFDM#%

DEM#) 4= ik

) =
Radius

3-4 #+iX+¥ CFD-DEM 1&%!
% 3-2 CFD-DEM {E8I&#

A 54k
1 <
. BARY 15x15%15
Physical LxWxH (mm)
model
LB K (s) 14.0
W 4 % 5%5%6
CFD K5 Z, i (Pars) 1x1073
% E, prkgim?) 1000
AL &, E (GPa) 7
AR, v 0.3
DEM
WMERHK, e 0.7
FEE R, w 0.5
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R EE R, e 0.1

4 7 1 CFD #1 DEM B # B+ F R FAR A, It EA2(C)A KT 0.2, DEM &[5
K (At) 5L 3% & /» &.(3- 1)(Cundall and Strack, 1979)#7 Z 5,
UN, (3-1
A )

k )

Hep At BKETE K, AR BN P R o M Ao k4 BR IR B o BURL & A
U ER/NE, R EERKITH & AED T CFD f7 DEM B 8] 27 K 4+ 5| B 1.0x10
s A15x107s, BIEX 3-2 FHEE SH, £ =208, RAFAFELRe)E 5.6, Xk
BR BT ) P R AR 2 = B I 5 (Rep<10).

323 HFEMH

CFD-DEM #£#L 5, A& /78 B o1 CFD 3R A& 0 fn th A 0 B9 i & 47 41, 1B ik
FEAABE i % T CFD B Lk #t ko 5 H AT WE A ZRUREEE. CFD-DEM
T EAE AR B ) B, AR BB 1 R S R L 2,13 . £ & AR EY CFD
BARAREEE AN E mBEBEA R, 4T DEM KA, FIF BA 6 REE T # T RRE
= A7 1A e An 1 B B SE R AL AT pl, 4 R 50 kPa, 100 kPa 1 200 kPa. A AR 4
FAT A Y 3¢ R B (Bl war=0) 0 47 0 40 B DAGR WA, TR R ES(EF — Fh &5 18 BE
% AR L RAE . FLE R TR 0.875mmx0.875mm, X — R ~F & & oA 4 Bk AR 1.75 &,
B AR AERAE o 40 BURL TR I H
324 #EH LA

REWEREIRET: (DVE—EXBRNAERTERTE 3-)WEFT R, QN=AT7
] b X A BB R BEAT & 1) Bl M JE 28 B 46 P 3R AL A7, AR AR B R ] R R R B
BH 0.1, UAERREWIAME, QEFTAE, RAEFALEEERH LY 0.3 LHEHEE
LM . A AR IR R S E S8%E T2%Z ., EiRMEA KT EF, BT
DEM ¥ EE LM B IR, BhE s~ E—EW A TF# A, YA TE AT 0.01 BIF
IWAMAFEZL T —HARERSFERS, BT FEAUE AR T:
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1 &

— F

Np; PH (3'3
unb 1 N, )

R

c c=1

B Fy2iam R ABAL LT IR EM, Fo &2 WABURE BB AR o Ny # Ne 2 A
EFREA K. EENFEPERAZEW, X—5%K001UT. & 3-3 847 &)

WA E AN S, AFmAFast s, LML ETELE.
= 3-3 WA R A R

gieE  BFER  HEFEK ke HEHEELE,
% HRA T E
(%) #* s t, e Ra (%)
FC20P50 20 9926 587 9339 0.46 58.8
FC20P100 20 9944 587 9357 0.46 58.8
FC20P200 20 9968 587 9381 0.46 58.8
FC25P50 25 9902 447 9455 0.44 62.4
FC25P100 25 9931 447 9484 0.44 62.4
FC25P200 25 9953 447 9506 0.44 62.4
FC30P50 30 9846 351 9495 0.42 66.1
FC30P100 30 9906 351 9555 0.42 66.1
FC30P200 30 9972 351 9621 0.42 66.1
FC35P50 35 9845 280 9565 0.41 70.2
FC35P100 35 9904 280 9624 0.41 70.2
FC35P200 35 9951 280 9671 0.41 70.2

£ 95 Ui A1 B AT 95 1k W9 CFD-DEM ##0L BT, X8 10 B AR A (R E o I R D
WA BEAARET. FERENEL, GFCE, REMENT LONERAF, &
518 0.05s B H R BIE X . 4 CFD-DEM M ZFI#E A 8 ZAEHATIHHE, REE
A FAE /R Xeon E52680-v4, #EHL 14.0 B9 & B A K94 5~7 Ko BABEWEERH 14.0
P, ERBENERERTUEY, X—EUTURFENSRIEF B, ZEMEH
REWERIZ, BHIFA R R H AL E 87
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3.3 CFD-DEM 7 i %iF
3.3.1 # T Chang(2013)# 5% 1A % # CFD-DEM 77 7% %o i

Chang(2013)F| Fl I 2t 09 =4 oL, w i 3-5 frox, #TH LB TSR, %
EREIMA UGS MERFT EHOTERAE. RS ERBEN, L7 DX BT
o L REHAT = 4 JE S5 Ao fr B BT 78 B . Chang(ROI3) R LR T WA 4 8 F=35%0, T
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p=50kPa, p=200kPa W X EFEBHWIERA KA B ERENFTLAE. X— 4R 5
Bendahmane et al. (2008)¢47 45 £ £, [& 3-8 (b)Fu(c) T ox T A& LR AE A i 1038 F 1y 4 1 Ao
EENE, ERITWEBAEERNRA, EEABHEMN, KL% R KH CFD-DEM 7
EURRSMEI RN EERE., ENERERDERNZAN EEA TR E R, &K
R HAE R, E PN AEERY, whE 3-8)fTr. HEEAWEL, KRR
FENEK EWER, CESEFAZ LA EZFWELRE,
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A1 35% BN IR AT BRAL A B B 4 LI AL o X P R 0 BORL A B AR AR R R T T A S A B 8]
HEAD LM, AR AR A SRR SR B, SRKHA, ME
SFHH B A A, BAAFRERER A ESN TR, XRAERRKRAAN B ENETY
BB A ] B RS By KR . X 5 ET A — B T 45 R AH 4F (Richards and Reddy, 2010; Li and
Fannin, 2012; Luo et al., 2013; Chang and Zhang, 2013; Liang et al., 2017), # & X — & 1 £
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RO AR SR BAFA) T2 AR, X— AR HAEL LT ARRAR +
(Tomlinson and Vaid, 2000; Papamichos, 2001; Bendahmane et al., 2008; Chang, 2013), X * &
BT A RFNaRE SR —RED LA N EM TR ETERA, GAAKE T A
KB K 1 kB £ K ) MR R, UKL BI B R R BE B O R R SR, AR T
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=208, TRAFEEGENRAFEAE ARG S M, BFH48 KA
F=30%%0 35%89 XA B B0 R 2B R, (B3 Fo=20%70 25% R R A AT, X
FEREHANFAMRFENEREN TR T F=30%F 35%09 R4, 40 B0k 78 A8 Uk 18]
W=t RALR R, BB LA NS LERAER, BREHRASD LEMREN
HH L. T Fe=20%50 25%9 14, 48 R R B B 2 1R, T8 £ 4h 7
Y TTRRER /DN, TR R A7 B 3K R X e 4 R B A A AR R B R A BN

REMEHRE G ERAET HENE A, A THRESRRBEESMEW TR AN ¥
WAL B 3-14 FalE 3-15 2 A BIR T Fe=35%7Fn 20%1sk £F B 3 5 FFA 1R J 2 Ay Fm B
8] AR B o B AR B ALK AR B AR R AL R BB E ) AT R R RE(E,), 4 BRI A R (3-4)
#1(3-5)(Hanley et al., 2018)i+ 4 :

E - £|Fn |S (3-4
5 )

g _po B A (3-5
st st 2 kt )

Ffus pRlREMER B EER . B R —wEF, g1, BEEEY
8. FPMmEN R 2 Y3 E 54, el —8EF, p-1, WTEEMY . kERF Y
TEEEEE, NE 3-14 TF BN Fe35%18, BAEAEM N EMEET T AW
TR, AHKE AHFAATAE RGBT, ED LRGN T REEEER, Lu
BRESEKREATRAE, BERRBNANEMREZERATH, mRX—ZEH K
R, BR8] B fek 7 B VR 5 R RE RO B AR SR F AT BT K o LR PR K
RAT, B LB E AR R B AR o BB 38 Ao U & 38 & 40 BURL R Kk & B9 3 K (K
5.4 T A7),

X Fe=20% #9184 (B 20 A & 7 AL BURL Bl e = FR), B 3-15 oM - 40 AT [A] 4 ek
ABIN, RO BR AR £ & J) %4 & WA A 48/ (Ke and Takahashi, 2015). 4877 £
b Bk & 42 (Minh et al., 2014), 2778 3R A7 8 88 Ao 3¢ 48 Bk 8] B ik A1 B SR AR N
MTAESRACRT, BFR AWK Z T8 B A R w0 BN
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B, BABKAESEIRS AR, X5E 3-19 F BoRe B3 B HOR AT — 2

B 3-21 7R 7 p=50kPa £ T, F=35%RMEHEP R Loy FHEM A 5HEFT TR
AR T A1 Z W (Feon/ Fruia) R L. S RITT S50, BRI Z - THEMAAARERZ
TRARMER AT 2~6 o £ 2.1 DB, Feon/Fruia BN FRELE A #IFR A, P HXEH A
HY Feont/Friuia Fo 18 72 F 3 22 BT — BLAE JB/DN o 72 58 77 85 AT JB) B B X S 2R R 9 TR 1 SR T
M X EHER. AXLERHEMEIENTRRAE-—TEH, BIELEEd, WH
3-21 fim. BREEHE, A6 VEHBAMXENAREH B R L. ©F - LAFAY
Feond Fruia P8 o F AL A B 1 2 5 By B A7 #2751 28 1

(2)
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(b)

(c)
3-19 () ¥R RTZI; (b)) RERTZI(3.55); () RE FRTZ Fe=20%iR 4 FH BBk 2 7S F0 S S5 TR (L& 5%

AR TR IR S RA AL AR T K)

4
F=20% F=35% F
p=50kPa —w— —m—
p'=100 kPa —A—  —A—
3 -

JIEEHTT (N)

m*.ﬁ!.ﬁ.ﬁ..ﬁ..ﬁ.ﬁ.ﬁ..ﬁ.ﬁ.ﬁ.ﬂ...ﬁ.ﬁ.ﬁ.ﬁ

6 9 12 15
INFIH] (s)
(a)
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AL A 1+ i 3 R A AR & B ko e g 4B AL
180 F=20% F=35%
p=50kPa —w— —m—
150 p'=100 kPa —%— —h—
~ 120
2
ﬁ 90
R

60

30

0 ' A A A A A A A A A A A A A A A A AAA AL
0 3 6 12 15
INFTH] (s)

(b)

3-20 p'=50, 200 kPa B, Fe=20%, 35%iX+ F FERF14%(a) 3= 77;(b) R A E K

12
Eroded fine particles Non-eroded fine particles

[ (e.g. blue particles)
10 b Particle 1 —0—
Particle 2 —O0—
Particle 3 —A—
—  Particle 4 —v— e

Particle 5 —o—
Particle 6 —*—

o]

The ratio of the contact force to the fluid force
for the fine particles

Time (s)

6 8 10 12 14

3-21 p'=50 kPa B, F=35%id ¥ /B ER UKL _E B 1543k 1 5 H B 2R ME A 11 Z HE (Foond Fruia) SR AL

B A o AT R BA, BE 7 ER eV B U 59 T 40 AL B9 #E A 77 (Bi et al,, 2011; Nguyen, 2016;
Nicot et al., 2017), HRE T AFHW R .. Y TH —FoMBAMEE T HTRALE
9%, B 3-22 BoR T p'=50 #1200 kPa FHH KA AT, F20%F 35% R AE + & 7
BAERGNBET L. T F=35%IR0, ERITEL, KENSEHHWHEE D TE
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mm, RESHRRAE SR ANNZE w8 i S 2] — 2 FHEREARE
Bt (p=200 kPa), 77 %8 i 4 LB oA, ERFEHAR A ENLHELR A, ETFFH
H BB T (p'=50 #1200 kPa), LFRIR K B TREH, 785 T2 LaB a5 T %,
BT AR AR, AL RAERERIRORS, HRENSE R, AN R E
e X T Fe=20%A 0, T8 KM A TR+ 788 th 8 ot B k3t R A
tafE, ARATREME, ZTEEFRRAERDNEREYE.

1.0
F=35% F=20%
p=50kPa —e— —v—
0.8  p=200 kPa —A—  —*—
0.6 -

5if B e 1 0 EE (%)

0 2 4 6 8 10 12 14 16 18
I 7] (s)
& 3-22 p'=50, 200 kPa B, Fe=20%, 35%iX# 58 hitEMBE T S L

353 B EFEEEN

52 A7 G5 i R H R R B £ A AR ) S A G R BE A B A R A 1R R 1B R A B Y
Bk, E 3-23 LoR p=50 1200 kPa &1 T, Fe=20%F1 35% X AF & 40 - 40 B AT [B] 7 77 4k
fb b RLE BEVE . X F=35%1R A, TR G, -4 0K 19 5 A Ak B Ak o K BETT A
T, & FHHBEA T (=200 kPa), M T FEETHEER A, T F=20%IAH, 41-
20 UKL 1] 5% 4 4k P IR RE LT A Ak, BN A B, X EERFE AN T HARAE,
A7 E B m AR A (B B AR A, -4 ORI B A B, TR K BE AR N

BAMNE RSN LB RS REBF RN RS, B 3-24 BT TEFHH
B A (ph A BB A B(F)T, R E BRI G N . AB R R B3 R 2 FUR T
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(b)) 5% ee(Ey, )2, #% T Rt & (Hanley et al., 2018)

1 (3-7
E =—> my
kt 2; (g )
5 (3-8
Ekr :_Z[ia)i2
2 i=1 )

Heb,m RFR i WRE i o 2 B REFRMNTH 5#5%E N, EFRKE. [ =04mr’
R A IR E,

AT Fe=35%7R 4, M- AR E# AT R EH ARG n, X EERE AT i
% A% B9 (Bi et al., 2011; Nguyen, 2016; Nicot et al., 2017). Fkr 54 85 #9138 Jm #0521 3 H 7 4%,
AT B AR S B R, ESITRZIE, RAEAMEMEA, XTERFE AKX
M B R g BN R 2 BBk . 58 3-24(a)F p'=50 kPa BT # 4
HH, B 3-24(b) B or 8 T2 2 A1 (p'=200 kPa) TR S EE L E oA, X —# B 5 3-23
FAEAGT ARSI REBRENES . B 3-24c)E 3-24d) 2T
F20%H XA PR S g AL, BN LR, HRAEFAE LA K,

x10™

Fer i (1.09) F=20% F=35%

p=50kPa —w— —m—
p=100 kPa —%— —A—

588 B rhRDRE 7] A2 BE ()

0 2 4 6 8 10 12 14 16 18
INFIE] (s)
3-23 p'=50 1200 kPa ST, F=20%F0 35%iRHE - £B-4EALIE) 58 N EiEfh b R T aESE L
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x107

S TIEE N 2% 55 7 X 4%
Mk —e— —¥—

Particle velocity
(m/s)

16
PR INFIE] (s)
(3.55) (a)|
<107
6 5
\ 5 RN 2% 55 7 N 4%
\ gk, —e— —*—
5
4 A
S 2
94 g
I < -
R 3 2 E
EHE:é
2
v~
\ ~
|
N\

(1.0 8) B TE] (s)
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SR ITEEM LS 55 FTEE 4%

X103

=

Particle velocity
(m/s)

12 14 16

INFE] (s)
(c)
x107
6
TRIJEEM S 55 1R 4%
sL Mk —e— —*—
4
=)
2
ﬁ 3 X103
4= 10
& Loe
2 635
—4 g \’E:
L) E
1 L
0 il il d b . d .
0 2 4 6 8 10 12 14 16
B TE] (s)
(d)

3-24 (a) Fe=35%, p'=50 kPa; (b) F:=35%, p'=200 kPa; (c) F=20%, p'=50 kPa; (d) Fe=20%, p'=200 kPa
15 TR AERSE HEEsh R R
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A 3-25 BoR p'=50 A1 200 kPa &4 T, Fe=35%H7 1A B B 52 55 77 4 = Bk R & B V8 AL .
ERMERLT, AFFRAE TS ERG ST A ERKL, X5 8K I 468 (&
3-23)An kLl BE T 46 8 fm (B 3-24(a) A0 (b)) By B 2 — 3. 8] B R BT £ 4295 1 T oy AR I,
EARAFET WA R EHAT T TR, ERRITEFTUE—FHAA M shn9 R
B AT,

15
SRIIBEMLE 5514

50 kPa

AL R 2 (%)

B (s)
& 3-25p'=50 F1 200 kPa £H T, F=35%IRNt$5855 DR PRDR K 2HE L

3.6 /N&
K EF| F CED-DEM # = # % T p'(50 2| 200 kPa)F Fo(20%Z%| 35%)#8 &1 JF %T 8] wr 2%

Be# L5tk R W omm, I NG A A AR B B R R W B, A AL IR % AR R R Y
%, TR E B,

L0 B R BRI (KRR F F>2T%) R WA LR N M R EEEEAN, &
FAEBREST A BAENEE D AN EMORE, EX—IBF AT EBEK
SRHAZUNA—FRE, LARXBREGFHAEREA@EVEATEMHAR. AR, T
20 JRL oK S AR BR8] & BR BV IR R (R R Fe<27%), 40 FUAL B I 2k X4 2D + 7K A7 48 4 &2 v
BN EXEFHERNAT, AHAREAEAMCTAL L. REXAEEDFHRXE
SHEFENEHR, A HHBEHWEBART, S B EGNELE FELAF T
—FRE.
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4 R 774 1 St XA B bt v e 48 AL

41 MR

InE] A RN AR A B BB S A F AR B . P, RAWTEHRE
MR p e mBA B By, RAEREEERETHRESEE, RERZRENIE
Tk, BN AR BAL T 46 VT K B K A A i, W p! BRI A0 T 2 A (Bendahmane et al,
2008; Shire and O'Sullivan, 2013). % — 77 @, ff i 77 (q) "B - 51k iy 57 35 7 % B % %
B4 5% JE (Chang and Zhang, 2013; Luo et al., 2019). & & i /7 897> L5 iR A % &, A
A8 ] 278 O A B IR s R A M B A W q B3 A S8 b A+ FF T M (Chang and Zhang,
2013; Liang et al., 2017; Luo et al., 2019), FE AR EX FEH T HEMR g EFHT, REX
ERSE, BEERA, B qEFET, RELERK, FELERAD. HELTEmEEER
A5, SR A T (g<0)IR A B IlE R K A7 4% E B9 & AL I 1B B (Chang and Zhang, 2013).
A—FE, EZREER UGG THASESMEIR T ESZHATRAER AL
T 8 A #930 % (Chang and Zhang, 2013). W /A & 441 R B, AR B H1 4 615 B 18] 7= A 4
SNYITE AT, A R A K ERE, ESEARERT, KRB EEL G
T 7= 4 A A 7 S AR A

WA R EE R EA R R S F M TR LS, B0 k& =% E 4 fofr
HRATHIERARE A T XERERAAMER, FELARNRELELE
R, EEBREREELSHT, BMEALELGREASEEIAKRETHREEHR, H L,
RH RARBEAR LA AN R Rk BT st L. 7 — 7|, ROFHR NGB A E
FEFREA BR L A AN Ak B A R VIR, il dm, KA £ R A 77 18 &m0 4 R AT
WS S EBH., @ T LB AY KB EERSRENE A IER, 24T 0
5B AE 77 K R RE B B RO AR S E R B R

A % F| fl CFD-DEM #8477 i T 1 Bl B2 774K A58 (B=q/|q) o BB R & B F BT,
BT R ER LS AR, Plin, AFRRAERRAELN. RENENAE, wEER
T, EMENEFE, B T HE U R AL
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42 HARE
421 YR
AEEEXRTAMATAE E FARBFE L MR A LEES (e, q/lq) 17 BT H B 5
THMHRERAEN., B 4-1 R IHNAEE L, LWL D/d=4, BFREE F. 2
BN 15%%0 35%, ARG BN 15%F0 35%M B £ K& T A EAR LEMAE R, T
F=15%iR 4, EHRRNEAER TR KWL+, BB LA EH T R ENE
JH £ /)N(Skempton and Brogan,1994; Shier et al., 2014), *f T Fe=35%1IR £, 20 B 48 i 4 B
K e SRR, o PR TR, x> £ K 77 4 45 7% 2 M %2 % B . (Skempton and Brogan,1994;

Shire et al., 2014),

100 -

l ——
l . —e—F=35%

Ry
—w— LR 5

80

"o (%)

0.1 0.2 03 04 05 0.7 1 2

RURL ELA (mm)
E 4-1 {HRA
BHARFD LR T ZRNARST, WE MBI AR, Z w6 ARk A=
B E 6 R ARAES . B AR AR FH AR A p'=50kPa, HESMHIRFRIFER.
T 5L 71 % 4% B f=q/|q| B E A Bl AFE, 451 4-0.75,-0.5,-0.25, 0, 0.25, 0.50, 0.75. LA
B, FRRBEAT Sy RA, g B Z i @ &4 TG e, BIA=q/|qcd| -
LAATEE, RTAARFEATZRMEZENLIRE, ¢ R EHEHFTHETEAL ge, BT
B=q/\qed|s B 4-2 BIRT Fe=15% A0 35%1RFF = 4 JE 48 fn = s (IR 0 5L 7 R i 4. &

=1

b B goe M goe (LAY BL AL eq=15% B X4 B2 6 ff AL 77 18 o B DA RIS T 4~ [ 48 BORL & & B
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Bt, HiaFma i EAR—2, BN get gee 2 AIBLA 52 kPa F7 46 kPa,
K A-1RET 14 MEYTIT R PTRERARAE AN EHR & 20T L H AT

80
40 F=15% F=35%
= ™€ —rn —
o, TE ---- ----
R oL
#
&R !
|\\
1\
-40 O o B
-80 N | N 1 N | N |
0 3 6 9 12 15
B RAR (%)

4-2 F=15% FN 35%ifHE = 3 [F 45 70 = dh Az {iin 06 2 S N T Hh 2k

® 4-1 BUITRUCE

) ] Fines Confining Shear strength Hydraulic
Simulation e .
) ) content, pressure, mobilization, gradient,
identity , .
Fe (%) p' (kPa) B (q/lq<l) i

FC15Q0 0

FC15C1 0.25

FC15C2 0.50

FC15C3 15 0.75

FCI15E1 -0.25

FC15E2 -0.50

FC15E3 -0.75

_— 50 2.0

FC35Q0 0

FC35C1 0.25

FC35C2 0.50

FC35C3 35 0.75

FC35E1 -0.25

FC35E2 -0.50

FC35E3 -0.75
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422 ERSHE EEYLE

&l 4-3 £A|H CFD-DEM 77 ik & ST B9 8 f ) R U Ry KA RE R A, KTEE
# 13 mmx13 mmx20 mm (14Dsox 14Dsox21Ds0) Dso & iR F AL 89 F#H k42, CFD BE =
DEM 3, R~ #4 13.5mmx13.5 mmx25 mm. 7R ALK G, BIERAE AR 6 R
T M AR AT o FEFR AR AR AL 7 AR, P A ML) p'EFE S0kPa, FR R
FRJE, ERFETRHEELNAEA TS EEDN, ESEIRY, RABERELA g,
SR WL A) prAe K A E | R IE R AE KR T i B9